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Abstract Monobrachial homology resulting from
Robertsonian (Rb) fusions is thought to contribute to
chromosomal speciation through underdominance.
Given the karyotypic diversity characterizing wild
house mouse populations [Mus musculus domesticus,
(MMU)], variation that results almost exclusively from
Rb fusions (diploid numbers range from 22 to 40) and
possibly whole arm reciprocal translocations (WARTs),
this organism represents an excellent model for testing
hypotheses of chromosomal evolution. Previous studies
of chromosome size and recombination rates have
failed to explain the bias for certain chromosomes to be
involved more frequently than others in these rear-
rangements. Here, we show that the pericentromeric
region of one such chromosome, MMU19, which is
infrequently encountered as a fusion partner in wild
populations, is significantly enriched for housekeeping
genes when compared to other chromosomes in the
genome. These data suggest that there is selection
against breakpoints in the pericentromeric region and
provide new insights into factors that constrain
chromosomal reorganizations in house mice. Given
the anticipated increase in vertebrate whole genome
sequences, the examination of gene content and
expression profiles of the pericentromeric regions of
other mammalian lineages characterized by Rb fusions
(i.e., other rodents, bats, and bovids, among others) is
both achievable and crucial to developing broadly
applicable models of chromosome evolution.
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Introduction
It has been argued that chromosomal reorganization
may contribute to speciation due to underdominance
associated with meiotic abnormalities in heterozy-
gotes (White 1978). This is generally considered
likely to occur in small, inbred populations, or when
rearrangements are weakly underdominant individu-
ally but strongly underdominant in combination (King
1993). More recently, a number of related studies
have proposed that chromosomal rearrangements can
reduce gene flow and potentially contribute to
speciation by the suppression of recombination
(Rieseberg 2001). Under this hypothesis, it is thought
that chromosomal rearrangements have a minimal
influence on fitness, but by suppressing recombina-
tion, they contribute to a reduction of gene flow.
Paradoxically, the spread and subsequent fixation of
an underdominant rearrangement is problematic from
a population genetic perspective, given that a chro-
mosomal reorganization that disrupts gene flow is less
likely to be fixed. However, there is general consen-
sus that chromosomal speciation can result where
multiple centric fusions [i.e., Robertsonian (Rb)
fusions] show monobrachial homologies (i.e., one
arm in common; see Baker and Bickham 1986).
Hybrids resulting from crosses between individuals
that show fixed monobrachial differences can result in
complex chain or ring configurations at meiosis that
impede normal segregation and may therefore lead to
speciation.
The house mouse [Mus musculus domesticus
(MMU)] represents an excellent model for testing
hypotheses of chromosomal evolution. Although the
standard karyotype of the mouse (Mus musculus,
MMU) is characterized by 2n=40 acrocentric chromo-
somes, a wide range of diploid numbers (from 22 to
40) have been detected in house mouse populations
over the last 30 years—variation resulting almost
exclusively from Rb fusions and/or WARTs (Gazave
et al. 2003; Pialek et al. 2005). The most recent review
of chromosomal variation in the house mouse recog-
nizes a total of 97 different metacentric “populations”
distributed across Europe and the Mediterranean basin
(Pialek et al. 2005). These populations formed very
recently (10,000 years, Britton-Davidian et al. 1989),
making genetic and morphological differences among
them small or almost inexistent. Of the 171 different
possible metacentric combinations, only 106 have been
described in wild populations (Gazave et al. 2003;
Pialek et al. 2005), indicating that not all chromosomes
contribute equally to the observed chromosomal
variation.
One of the chromosomes less frequently involved
in Rb fusions is MMU19 (Pialek et al. 2005). Only
two different Rb fusions involving MMU19 have
been described in wild populations (Rb2.19 and
Rb11.19; Britton-Davidian et al. 2000). Although
chromosome size and recombination rates have been
mooted as possible causes of this bias (Nachman and
Searle 1995; Qumsiyeh 1994; Gazave et al. 2003),
support for these suggestions has not been forthcoming,
suggesting that additional factors may be involved in the
process. In an attempt to advance our understanding of
this phenomenon, we have analyzed the gene content
and expression profiles of mouse chromosomes (the
autosomes and X chromosome), taking advantage of
whole sequence genome and gene expression data
available in the public domains. Our analyses show that
the pericentromeric region of MMU19 is significantly
enriched for housekeeping genes when compared to
other chromosomes in the genome, suggesting the
possibility that there is selection against breakpoint
disruption in this region, hence, the chromosome’s
infrequent involvement in Rb fusions.
Material and methods
Positions of the reference sequence mouse genes
(RefSeq) were obtained from the NCBIm37 assembly
using the BioMart browser of Ensembl. Only genes
with a known function were analyzed; novel genes
with unknown function, pseudogenes and RNA genes
were not included in the analysis. Gene expression
data were obtained from the Gene Expression Atlas
(Su et al. 2004) available through the BioGPS portal
(Wu et al. 2009). This atlas represents a whole
genome gene expression array targeting 36,182
mouse transcripts from 61 different tissues. Probe
sets available on this platform were converted to
official gene symbols, their positions calculated in the
mouse reference sequence genome and in each mouse
chromosome, and the median expression values of
each calculated.
We used two different cutoffs in order to make the
distinction between housekeeping (HSKP) and tissue-
specific genes. The first consisted of defining the
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minimal signal for each gene from probes on the chip
(value ≥5); this value corresponds to half of the
“median expression” (Vinogradov and Anatskaya
2007) in all 61 tissues analyzed. The second cutoff
value applied was the median expression, as recom-
mended by the authors of the Gene Expression Atlas
(Su et al. 2004). Mouse genes were classified as
HSKP if they showed significantly elevated expres-
sion levels (i.e., in excess of the cutoff above) in all
tissues of the array. Mouse genes were classified as
tissue-specific if the coefficient of variation (Cv) was
>200 (Vinogradov and Anatskaya 2007). We grouped
all genes with a known function in windows of 2 Mbp
along each mouse chromosome in order to analyze
the density of genes [number of genes per megabase
(Mbp) of chromosome]. Our analyses showed that the
distribution of genes within each 2 Mb window did
not fit a normal distribution. Consequently, the
Mann–Whitney test with the Bonferroni correction
was applied to establish median comparisons using
the chromosomes as a factor and the 2 Mb windows
as the sample. We used a Chi-square (χ2) test to
compare the total chromosomal gene density and also
the gene density in the pericentromeric regions of
mouse chromosomes. We similarly compared the
density of HSKP genes in the pericentromeric regions
in the complete mouse complement by χ2. A Fisher’s
test was implemented to compare the number of
HSKP and tissue-specific genes in MMU19 and the
remaining mouse chromosomes.
Results and discussion
The mouse genome [NCBIm37 mouse assembly (July
2007), Ensembl release 49] currently has 22,931
protein-coding genes; of these, 15,593 have a known
function (Table 1). When analyzing the position of
these genes, we noted an absence of annotated genes
between 0 Mbp and 3 Mbp in each mouse chromo-
somes, reflecting the presence of highly repetitive
centromeric sequences in these regions. In our
analysis of the distribution of genes per megabase
pairs (Mbp), we arbitrarily set the limits of the
pericentromeric region as encompassing sequences
spanning 0–16 Mbp for each mouse chromosome.
This was done in order to ensure that regions close
enough to the centromeric sequences were included
for all the mouse chromosomes.
The distribution of total protein-coding genes
reveals statistical differences among mouse chromo-
somes. Three chromosomes show a significant con-
centration (p=0.0001) of protein-coding genes in
relation to their genomic size: MMU11 (10.4 genes/
Mbp), MMU17 (8.2 genes/Mbp), and MMU19 (9.1
genes/Mbp). However, when the distribution of genes
was analyzed for each mouse chromosome, the
highest concentration of MMU19 genes fell in the
pericentromeric region. We noted two distinct peaks,
one within 3–5 Mbp and another one within
10–13 Mbp (Fig. 1a). This represents a pattern not
detected in any of the other mouse chromosomes.
Given the implication that this holds for the reshuf-
fling of the mouse genome by Rb fusions, we
extended our investigation to include the analysis of
gene content and distribution to the remaining
chromosomes. These data show unequivocally that
MMU19 has accumulated significantly more genes in
the pericentromeric region (defined here as the
genomic region spanning 0–16 Mbp) than other
chromosome in the genome (χ2=32.89, DF=19,
p=0.035; Table 1).
We similarly examined the distribution of HSKP
and tissue-specific genes across the mouse genome in
an attempt to explain the observed differences in gene
accumulation among chromosomes. Genes can be
considered as HSKP when they are constitutively
expressed in all tissues/cells in order to maintain basic
cellular functions (Butte et al. 2001). Clustering of
HSKP genes has been reported in human and mouse
genomes (Williams and Hurst 2002; Singer et al.
2005), but the implications that this holds for
structural rearrangement of chromosomes have not
been examined. We define an HSKP gene as one that
exhibits elevated expression levels in all 61 tissues
that are included in the Gene Expression Atlas (Su et
al. 2004). Although large-scale transcriptome studies
have attempted to approximate the number of HSKP
genes in human and mouse, a general consensus is
lacking (Eisenberg and Levanon 2003; Su et al. 2004;
Freilich et al. 2005; Zhu et al. 2008; Wang and
Rekaya 2009), and we consequently used two
different cutoff criteria in our determinations (see
“Material and methods”). The number of HSKP
genes/chromosome varied from 19.14% to 27.89%,
depending on the chromosome examined, when
using the median expression cutoff. This proportion
rose to 57%, on average, when the expression
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threshold was 50% of the median expression
(Table 1). This approximate threefold increase was
maintained when considering only HSKP genes
located in the pericentromeric region (Table 1).
Remarkably, MMU19 was the only chromosome to
show a significant concentration of HSKP genes in
the pericentromeric region (45 HSKP genes, p=0.05)
compared to all other chromosomes in the comple-
ment at the cutoff median expression (Fig. 1b and c;
Table 1).
The analysis of tissue-specific genes located in the
pericentromeric regions was similarly informative. A
total of 274 tissue-specific genes were detected
representing 31 different tissue types. Although we
did not find tissue-specific genes that were exclusively
present in the pericentromeric region of MMU19, this
chromosome nonetheless accumulates the highest
number of different tissue-specific genes in the mouse
complement (Fig. 2). This accumulation was, however,
not statistically significant (χ2=2.17, DF=19, p=
0.546). The tissue-specific genes concentrated in the
pericentromeric region of MMU19 include 58 genes
that are expressed in the immune system, testis, brain,
skeletal and smooth muscle, liver, lung, osteoblasts,
retina, olfactory bulb, kidney, epidermis, bladder,
adrenal gland, and adipose tissues (Fig. 2). The
Table 1 Distribution of genes in the mouse genome
Chromosome Length (bp) Total chromosomal length Pericentromeric region
Number of genes Number of HSKP (%) Number of genes Number of HSKP (%)
(a) (b) (a) (b)
1 197,195,432 896 218 (24.33) 477 (53.24) 38 5 (13.15) 20 (52.63)
2 181,748,087 1,209 271 (22.41) 686 (56.74) 54 9 (16.66) 33 (61.11)
3 159,599,783 777 178 (22.91) 421 (54.18) 30 5 (16.66) 16 (53.33)
4 155,630,120 953 203 (21.31) 559 (58.66) 40 7 (17.50) 27 (67.50)
5 152,537,259 936 199 (21.26) 552 (58.97) 40 7 (17.50) 23 (57.50)
6 149,517,037 823 220 (26.73) 402 (48.79) 35 4 (11.43) 20 (57.14)
7 152,524,553 1,204 292 (24.25) 667 (55.39) 120 33 (27.5) 56 (46.66)
8 131,738,871 799 177 (22.15) 459 (57.45) 84 24 (28.57) 40 (47.62)
9 124,076,172 850 170 (20.00) 493 (58.00) 51 14 (27.45) 20 (39.21)
10 129,993,255 704 138 (19.61) 414 (58.81) 50 11 (22.00) 28 (56.00)
11 121,843,856 1,272 251 (19.73) 776 (61.01) 88 15 (17.04) 55 (62.50)
12 121,257,530 491 94 (19.14) 291 (59.26) 49 11 (22.45) 26 (53.06)
13 120,284,312 569 128 (22.49) 320 (56.24) 49 17 (34.69) 24 (48.97)
14 125,194,864 526 102 (19.39) 305 (57.98) 27 7 (25.92) 13 (48.14)
15 103,494,974 600 131 (21.83) 343 (57.16) 48 13 (27.08) 23 (47.91)
16 98,319,150 550 120 (21.81) 308 (56.00) 103 20 (19.42) 51 (49.51)
17 95,272,651 778 156 (20.05) 474 (61.01) 72 12 (16.66) 41 (56.94)
18 90,772,031 412 87 (21.12) 230 (55.82) 55 10 (18.18) 29 (52.72)
19 61,342,430 559 127 (22.7) 320 (57.24) 256* 45** (17.59) 159 (62.11)
X 166,650,296 685 189 (27.89) 298 (43.50) 90 21 (23.33) 44 (48.88)
Total 2,638,992,663 15,593 3,451 8,795 1,123 290 748
The total gene content (from telomere to telomere) and the pericentromeric regions (from 0 to 16 Mbp) are shown for each mouse
chromosome. The number and percentage of housekeeping (HSKP) genes are shown for each of the cutoffs used in our study
a Cutoff median expression
b Cutoff 50% of median expression
* Significant differences using Chi-square test (χ2 =32.89, DF=19, p=0.035). ** Significant differences according to Chi-square test
(p=0.05)
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elevated occurrence of both HSKP and tissue-specific
genes in pericentromeric MMU19 suggests a con-
straining role—either cells carrying deleterious break-
points within this region do not survive, or there is an
alteration of the gene expression pattern following
chromosomal reorganization. This manifests in wild
populations as selection against Rb fusions involving
MMU19.
Studies dealing with the behavior of telomeres and
centromeres, the two structures required for chromo-
some integrity and segregation, have attempted to
clarify the molecular mechanisms underpinning the
formation of Rb fusions (Slijepcevic 1998; Kalitsis et
al. 2006). The centromeric regions of mouse telocen-
tric chromosomes (which represent the partners in
brachial combinations) are each characterized by a
large block of major satellite deoxyribonucleic acid
(DNA) flanked by a small block of minor satellite
DNA adjacent to the telomeric repeats (Garagna et al.
1995, 2001). The distance between the telomeric and
the minor satellite repeats is estimated to span 1.8–
11 kb (Kalitsis et al. 2006). It has been argued that
following Rb fusions, telomeric sequences are lost but
a component of the minor satellite DNA is retained
between two regions of major satellite DNA in the
resulting metacentric chromosome (Garagna et al.
2001, 2002). This type of chromosomal reorganiza-
tion necessitates double strand breaks (DSBs) that are
repaired by recombination events between highly
repetitive sequences. Breakpoints occurring within a
genomic region that has a high concentration of
HSKP and/or tissue-specific genes would impact on
the cell’s ability to maintain basic cellular functions,
and persistence in meiosis is unlikely. Therefore,
carriers of these rearrangements do not contribute
offspring.
Another possible explanation for our observations
is the stochastic epigenetic silencing of relocated
Fig. 1 Analysis of gene content in the mouse genome. a
Distribution of genes in 2 Mb windows along mouse
chromosomes 10 (MMU10), 11 (MMU11), 17 (MMU17), and
19 (MMU19). Note the high concentration of genes located in
the first 16 Mbp of MMU19 compared to the other three
chromosomes. b and c Number of HSPK genes identified in the
pericentromeric region of each mouse chromosome applying
different cutoffs: b median expression and c 50% of median
expression (see “Material and methods” for more details). Each
dot corresponds to the number of genes in each 2 Mb window.
Polygons represent the mean values for each chromosome and
the grey line the mean of all chromosomes. Note that mouse
chromosome 19 differs significantly from other mouse chro-
mosomes using the median cutoff
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genes as a result of chromosomal rearrangements
close to highly repetitive sequences. This phenome-
non is known as “position effect variegation” (PEV)
and was initially described in Drosophila (Muller
1930; Zhimulev 1988). The first evidence of PEV in
mouse came with the description of the Cattanach X-
autosome translocation (Cattanach 1974, 1975). This
was subsequently similarly noted in transgenic mice
when the transgene is located close to the centromere
(Dobie et al. 1996; Opsahl et al. 2002) or the telomere
(Pedram et al. 2006). In these instances, gene
silencing may be attributed to changes in chromatin
conformation such as alterations of histone
N-terminal tails by deacetylation and methylation
(Pedram et al. 2006). Importantly, it has been shown
that gene variegation can extend over 4 Mbp to
5 Mbp from the centromeric heterochromatin in mice
(Dobie et al. 1996). However, all mouse chromo-
somes with the exception of MMU19 have a low
density of genes in the pericentromeric region and are
therefore safeguarded from possible negative PEV
effects. Conversely, the gene-rich MMU19 would
probably be significantly impacted by PEV reducing
the viability of fusions involving this chromosome in
wild populations. Its detection in the Madeira meta-
centric population (Britton-Davidian et al. 2000,
2005) and its retrieval by introgressive breeding in
laboratory mice (Evans et al. 1967; White and Tjio
1968; Redi and Capanna 1988) suggest that while
translocations involving MMU19 can occur, they are
fixed in wild populations at very low frequencies. It is
plausible that the fusions Rb2.19 and Rb11.19 found
in the Madeira population have escaped PEV. How
this has occurred is a matter of speculation at this
stage, but certainly, the molecular characterization of
this mice population would provide new insights into
the role of gene expression in chromosome evolution.
In this regard, considerable progress has been
made in determining some of the major molecular
features of chromosomal evolution. Among others,
MMU1 MMU2 MMU3 MMU4 MMU5
MMU6 MMU7 MMU8 MMU9 MMU10
















Fig. 2 Distribution of tissue-specific genes in the pericentromeric region of all mouse chromosomes
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these include findings that the evolutionary break-
points are not randomly distributed (Bourque et al.
2004; Zhao et al. 2004; Ruiz-Herrera et al. 2006;
Larkin et al. 2009) but tend rather to concentrate in
intergenic regions (Lemaitre et al. 2009), avoiding
accidental gene silencing/disruption, and that telo-
mere attrition and/or centromeric breakage followed
by unequal recombination among highly repetitive
sequences may facilitate Rb fusion (Slijepcevic 1998;
Garagna et al. 2001; Ruiz-Herrera et al. 2008). Our
results complement these observations by showing
that there is a selection against breakpoint formation
in regions rich in genes necessary to maintain basic
cellular functions. This finding has important impli-
cations for understanding the constraints operating on
chromosomal reorganization and provides a plausible
explanation for the structural bias in the chromosomal
features of wild mice populations.
Acknowledgements Financial support from Ministerio de
Ciencia y Tecnologia and the Universitat Autònoma de
Barcelona (Ph.D. fellowship to M.F.) are gratefully acknowl-
edged. T.J.R. is funded by a grant from the South African
National Research Foundation.
References
Baker RJ, Bickham JW (1986) Speciation by monobranchial
centric fusions. Proc Natl Acad Sci USA 83:8245–8248
Bourque G, Pevzner PA, Tesler G (2004) Reconstructing
the genomic architecture of ancestral mammals: lessons
from human, mouse, and rat genomes. Genome Res
14:507–516
Britton-Davidian J, Nadeau JH, Croset H, Thaler L (1989)
Genetic differentiation and origin of Robertsonian pop-
ulations of the house mouse (Mus musculus domesticus).
Genet Res 53:29–44
Britton-Davidian J, Catalan J, Ramalhinho MD et al (2000)
Rapid chromosomal evolution in island mice. Nature
403:158
Britton-Davidian J, Catalan J, Ramalhinho MDG et al (2005)
Chromosomal phylogeny of Robertsonian races of the
house mouse on the island of Madeira: testing between
alternative mutational processes. Genet Res Camb 86:171–
183
Butte AJ, Dzau VJ, Glueck SB (2001) Further defining
housekeeping, or “maintenance”, genes. Focus on “a
compendium of gene expression in normal human
tissues”. Physiol Genomics 7:95–96
Cattanach BM (1974) Position effect variegation in the mouse.
Genet Res 23:291–306
Cattanach BM (1975) Control of chromosome inactivation.
Annu Rev Genet 9:1–18
Dobie KW, Leet M, Fantest JA et al (1996) Variegated
transgene expression in mouse mammary gland is deter-
mined by the transgene integration locus. Proc Natl Acad
Sci USA 93:6659–6664
Eisenberg E, Levanon EY (2003) Human housekeeping genes
are compact. Trends Genet 19:362–365
Evans EP, Lyon MF, Daglish M (1967) A mouse translocation
giving a metacentric marker chromosome. Cytogenet Cell
Genet 6:105–119
Freilich S, Massingham T, Bhattacharyya S et al (2005)
Relationship between the tissue-specificity of mouse gene
expression and the evolutionary origin and function of the
proteins. Genome Biol 6:R56
Garagna S, Broccoli D, Redi CA, Searle JB, Cooke HJ,
Cappana E (1995) Robertsonian metacentrics of the house
mouse lose telomeric sequences but retain some minor
satellite sequences DNA in the pericentromeric area.
Chromosoma 103:685–692
Garagna S, Marziliano N, Zuccotti M, Searle JB, Capanna E,
Redi CA (2001) Pericentromeric organization at the fusion
point of mouse Robertsonian translocation chromosomes.
Proc Natl Acad Sci U S A 98:171–175
Garagna S, Zuccotti M, Capanna E, Redi CA (2002) High
resolution organization of mouse telomeric and pericen-
tromeric DNA. Cytogenet Genome Res 96:125–129
Gazave E, Catalan J, Ramalhinho MD et al (2003) The non-
random occurrence of Robertsonian fusion in the house
mouse. Genet Res 81:33–42
Kalitsis P, Griffiths B, Choo KH (2006) Mouse telomeric
sequences reveal a high rate of homogenization and
possible role in Robertsonian translocation. Proc Natl
Acad Sci U S A 103:8786–8791
King M (1993) Species evolution: the role of chromosome
change. Cambridge University Press
Larkin DM, Pape G, Donthu R, Auvil L, Welge M, Lewin HA
(2009) Breakpoint regions and homologous synteny
blocks in chromosomes have different evolutionary histo-
ries. Genome Res 19:770–777
Lemaitre C, Zaghloul L, Sagot MF et al (2009) Analysis of
fine-scale mammalian evolutionary breakpoints provides
new insight into their relation to genome organisation.
BMC Genomics 10:335
Nachman MW, Searle JB (1995) Why is the house mouse
karyotype so variable? Trends Ecol Evol 10:397–402
Muller HJ (1930) Types of visible variations induced by X-rays
in Drosophila. J Genet 22:299–334
Opsahl ML, McClenaghan M, Springbett A et al (2002)
Multiple effects of genetic background on variegated
transgene expression in mice. Genetics 160:1107–1112
Pedram M, Sprung CN, Gao Q, Lo AWI, Reynolds GE,
Murnane JP (2006) Telomere position effect and silencing
of transgenes near telomeres in the mouse. Mol Cell Biol
26:1865–1878
Pialek J, Hauffe HC, Searle JB (2005) Chromosomal variation
in the house mouse. Biol J Linn Soc 84:535–563
Qumsiyeh MB (1994) Evolution of number and morphology of
mammalian chromosomes. J Hered 85:455–465
Redi CA, Capanna E (1988) Robertsonian heterozygotes in the
house mouse and the fate of their germ cells. In: Liss AR (ed)
The cytogenetics of mammalian autosomal rearrangements.
pp 315–359
Housekeeping genes in the mouse genome 807
Rieseberg LH (2001) Chromosomal rearrangements and speciation.
Trends Ecol Evol 16:351–358
Ruiz-Herrera A, Castresana J, Robinson TJ (2006) Is mamma-
lian chromosomal evolution driven by regions of genome
fragility? Genome Biol 7:R115
Ruiz-Herrera A, Nergadze SG, Santagostino M, Giulotto E
(2008) Telomeric repeats far from the ends: mechanisms
of origin and role in evolution. Cytogenet Genome Res
122:219–228
Singer GAC, Lloyd AT, Huminiecki LB, Wolfe KH (2005)
Clusters of co-expressed genes in mammalian genomes
are conserved by natural selection. Mol Biol Evol
22:767–775
Slijepcevic P (1998) Telomeres and mechanisms of Robertsonian
fusion. Chromosoma 107:136–140
Su AI, Wiltshire T, Batalov S et al (2004) A gene atlas of the
mouse and human protein-encoding transcriptomes. Proc
Natl Acad Sci U S A 101:6062–6067
Vinogradov AE, Anatskaya OV (2007) Organismal complexity,
cell differentiation and gene expression: human over
mouse. Nucleic Acids Res 35:6350–6356
Wang Y, Rekaya R (2009) Comprehensive analysis of gene
expression evolution between humans and mice. Evol
Bioinform Online 5:81–90
White MJD (1978) Modes of speciation. Freeman, San
Francisco
White BJ, Tjio JH (1968) A mouse translocation with 38 and
39 chromosomes but normal NF. Hereditas 58:284
Williams EJB, Hurst LD (2002) Clustering of tissue-specific
genes underlies much of the similarity in rates of protein
evolution of linked genes. J Mol Evol 54:511–518
Wu C, Orozco C, Boyer J et al (2009) BioGPS: an extensible
and customizable portal for querying and organizing gene
annotation resources. Genome Biol 10:R130
Zhao S, Shetty J, Hou L et al (2004) Human, mouse, and rat
genome large-scale rearrangements: stability versus
speciation. Genome Res 14:1851–1860
Zhimulev IF (1988) Polytene chromosomes, heterochromatin,
and position effect variegation. Adv Genet 37:1–555
Zhu J, He F, Song S, Wang J, Yu J (2008) How many human
genes can be defined as housekeeping with current
expression data? BMC Genomics 9:172
808 A. Ruiz-Herrera et al.
